Objective: To demonstrate the usefulness of 3-tesla (3T) magnetic resonance imaging (MRI) including T2-weighted imaging (T2WI), diffusion weighted imaging (DWI), time-of-flight (TOF) magnetic resonance angiography (MRA), T2*-weighted gradient recalled echo (GRE), and susceptibility weighted imaging (SWI) in diagnosing brain death. Materials and Methods: Magnetic resonance imaging findings for 10 patients with clinically verified brain death (group I) and seven patients with comatose or stuporous mentality who did not meet the clinical criteria of brain death (group II) were retrospectively reviewed. Results: Tonsilar herniation and loss of intraarterial flow signal voids (LIFSV) on T2WI were highly sensitive and specific findings for the diagnosis of brain death (p < 0.001 and < 0.001, respectively). DWI, TOF-MRA, and GRE findings were statistically different between the two groups (p = 0.015, 0.029, and 0.003, respectively). However, cortical high signal intensities in T2WI and SWI findings were not statistically different between the two group (p = 0.412 and 1.0, respectively). Conclusion: T2-weighted imaging, DWI, and MRA using 3T MRI may be useful for diagnosing brain death. However, SWI findings are not specific due to high false positive findings.
INTRODUCTION
The definition of brain death is "complete irreversible cessation of all brain functions, including the brainstem" but the diagnostic criteria of brain death vary widely among countries (1) (2) (3) (4) (5) (6) . On the other hand, the diagnosis of brain death becomes more and more important because the demand for organs for transplantation is increasing worldwide (2) . In most countries (United States, Canada, United Kingdom, Germany, Russia, China, etc), the diagnosis of brain death is based on clinical criteria (1, 4) . Technical examinations serve exclusively as ancillary tools in the diagnosis of brain death (4) . In other countries (France, Italy, The Netherland, Japan, Korea, etc), various technical examinations are obligatory (1) . In Korea, electroencephalography (EEG) is the obligatory test for brain death in addition to clinical criteria (5) . An EEG, however, has several limitations (2, 4, 6) . First, there are artifacts within that hinder the interpretation of brain death. Second, isoelectric EEG findings can occur in patients with hypothermia and drug or toxic ingestion. Third, the use of an EEG makes it difficult to judge brain death in patients with traumatic injuries or who have skull defects. Fourth, there is residual EEG activity in clinically verified brain death in approximately 19.6% of patients (6) . Therefore, if only residual activity seen on EEG, ancillary tests may replace EEG in exceptional circumstances. It is known that verifying the loss of brain blood flow is a more accurate ancillary diagnostic tool for assessing brain death (4) . Magnetic resonance imaging (MRI) is not yet accepted as an accurate ancillary test for brain death (7) .
Clinical applications of 3-tesla (3T) MRI increased after Food and Drug Administration provided approval of 3T MRI, especially in neuroradiology (8) . Furthermore, T2*-weighted gradient recalled echo (GRE) findings for brain death are unknown, although this sequence is included in routine imaging protocols. One description of brain death using susceptibility weighted imaging (SWI) was recently published (9), but SWI findings for brain death are not fully analyzed since it is a relatively new imaging protocol.
The purpose of this study was to verify 3T MRI including T2 weighted imaging (T2WI), diffusion weighted image (DWI), time-of-flight (TOF) magnetic resonance angiography (MRA), GRE, and SWI in diagnosing brain death.
Therefore, we hypothesize that conventional MRI findings are valid on a 3T machine and GRE and SWI findings are specific for brain death. The current study is the first to address the assessment of brain death using 3T MRI.
MATERIALS AND METHODS
This retrospective study was approved by our hospital's institutional review board.
Patients
Between June 2007 and October 2009, 17 patients (eight females and nine males; mean age, 52.9 years; range, 16-76 years) were evaluated for the diagnosis of brain death. The underlying conditions and clinical data are shown in Table 1 .
In group 1 (n = 10), all patients met the Korean Medical Association criteria for brain death but did not meet EEG criteria due to the presence of residual waves (5) . Comatose and stuporous patients in group 2 (n = 7) were enrolled, and none of them met the clinical criteria of brain death.
Criteria of Brain Death in Korea
The criteria of brain death in Korea are as follows. First, metabolic disorders, hypothermia, drug intoxication, and hypotension must be ruled out. Second, coma, unresponsiveness, complete loss of brainstem-mediated reflexes (light, corneal, oculocephalic, vestibular-cephalic, ciliocephalic, gag, and cough) and the apnea test were fulfilled. Third, neurologic exam and reflexes were repeated after 6 hours. Fourth, after these processes, a flat wave on EEG must persist for 30 minutes.
MRI Examinations
All MRI studies were performed using a 3T MR system (Signa VHi; GE Medical Systems, Milwaukee, WI, USA) with an 8-channel high-resolution brain coil. No intravenous contrast media was administered. The MRI examination consisted of a T2WI fast-spin echo sequence in the sagittal plane, a T2WI fast-spin echo sequence in the axial plane, a GRE, and a DWI (a single-shot, spin echo, echo-planar pulse sequence with b values of 0 and 1000 s/mm 2 ) in the axial plane. An additional 3D TOF-MRA was done in each of the lasts seven patients. SWI was performed for additional evaluation in 11 patients. The imaging parameters of the pulse sequences are shown in Table 2 .
Image Processing and Analysis
The 3D raw data from MRA were post-processed with a maximum intensity projection algorithm at a work station included in the MRI system (FuncTool PF; GE Medical Systems Milwaukee, WI, USA). On SWI, both magnitude and phase information were used. The post-processing of SWI images was also done in the work station. All MRI studies and the included source images were evaluated by two neuroradiologists (C-HS and H-WC, with 15 and 5 years of experience, respectively) who did not have access to the patients' clinical information.
Imaging Criteria of Brain Death and Vascular Signs
We evaluated each conventional MRI finding and bilateral transcerebral and cortical vein signs (BTCVS) on both GRE and SWI in brain dead patients (group I) and comatose Brain Death on 3-T MRI or stuporous patients without a diagnosis of brain death (group II). The conventional diagnostic criteria for brain death on MRI are well known and as follows (10): tonsillar herniation; absent intracranial vascular flow void in both conventional MRI and MRA; diffuse cortical high signal intensity and swelling of the cerebral sulci on T2WI; diffuse hemispheric hyperintensities on DWI; and a drop in the apparent diffusion coefficient (ADC) due to cytotoxic edema. The bilateral transcerebral vein sign ( Fig. 1 ) is defined as multiple and/or branching structures extending through the cerebral hemisphere parallel or perpendicular to the outer wall of both lateral ventricles (11) . The bilateral cortical vein sign (Fig. 1 ) is defined as visualization of both cerebral hemisphere cortical veins (12) (13) (14) (15) .
Statistical Analysis
For statistical analysis, we used the SPSS software package for Windows (SPSS, Inc., Chicago, IL, USA). Results were statistically analyzed using Fisher's exact test and A. GRE image shows multiple and branching low signal intensities extending through cerebral hemisphere parallel or perpendicular to outer wall of both lateral ventricles (arrows, bilateral transcerebral vein sign) and abnormal low signal intensities in both cerebral hemisphere cortical areas (arrow heads, bilateral cortical vein sign). B. Similar, but more prominent low signal intensities are visualized on SWI.
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Brain Death on 3-T MRI considered significant at p < 0.05.
RESULTS
All group I patients (n = 10) showed tonsillar herniation, loss of intraarterial flow signal voids (LIFSV), diffuse cortical high signal intensity and swelling of cerebral sulci on T2WI, high signal intensity in cerebral hemisphere on DWI due to cytotoxic edema and BTCVS on GRE. All MRA in group I (n = 4) showed loss of intracranial arterial flow signal intensities (LIAFSI). All SWI in group I (n = 7) showed BTCVS (Fig. 2) .
In contrast, all group II patients (n = 7) showed neither tonsillar herniation nor LIFSV (Fig. 3) . None of the MRA in group II (n = 3) showed LIAFSI (Fig. 4) . However, T2WI, DWI, GRE, and SWI findings of the patients in group II were variable ( Table 1) .
On T2WI, 6 patients showed cortical high signal intensity and swelling of the cerebral sulci while one did not. On DWI, 3 patients showed high signal intensity, whereas 4 did not. On GRE, 2 patients showed BTCVS, whereas 5 did not. All SWI in group II (n = 4) showed BTCVS. Table 3 summarizes the statistical analysis of each MRI finding of brain death. 
. Group I (patient 9). 66-year-old male with massive intracerebral hemorrhage (ICH).
A. T2-weighted image (T2WI) sagittal scan shows intraventricular hemorrhage (IVH) in 3rd and 4th ventricles (arrows) and tonsillar herniation (arrowhead). Diffuse swelling with effacement of cortical gyri is noted. B. T2WI axial image reveals loss of intraarterial flow signal voids in both cavernous and paraclinoid internal carotid arteries (arrows). There is hydrocephalus in both lateral ventricles due to IVH (arrowheads). C. Diffusion weighted image (b value = 1000) shows diffuse increased signal intensities in both periventricular white matters. D. Maximum intensity projection reconstruction of time-of-flight magnetic resonance angiography shows loss of intracranial arterial flow signal intensities. There is visualization of both superficial temporal arteries (arrows) and occipital arteries (arrowhead). E, F. T2*-weighted gradient recalled echo and susceptibility weighted imaging show visualization of transcerebral vein sign in right cerebral hemisphere (arrow) and bilateral cortical vein sign (arrowhead). Transcerebral vein sign in left cerebral hemisphere is not visualized due to massive ICH (asterisk).
DISCUSSION
The guidelines for brain death were proposed by an ad hoc committee from the Harvard Medical School faculty in 1968 (16). Unfortunately, there are no internationally accepted "guidelines for brain death" (1) . In fact, the recommendations of the Harvard committee have never become an internationally accepted guideline (1-3) . The definition and handling of brain death is more a political, ethical, and even religious issue than a medical issue (17) . Therefore, brain death is defined by legal authorities following recommendations of medical institutions in almost all countries, and the diagnostic criteria for brain death vary among countries (1-3) . However, the diagnostic criteria for brain death are all based on the following three neurologic characteristics (3): comatose mentality; loss of brainstemmediated reflexes; and apnea. As previously described, in Korea, EEG is the obligatory test for brain death in addition to the three clinical criteria, but it has several limitations (2, 4-6). Therefore, it is known that verifying the loss of brain blood flow is a more accurate ancillary diagnostic tool for assessing brain death (4) . Single photon emission computed tomography (SPECT), transcranial Doppler (TCD), conventional angiography, computed tomographic angiography (CTA), and MRI with MRA have all been studied for their ability to provide a more accurate and objective A, B. T2 weighted image sagittal and axial scans reveal diffuse swelling of both cerebral hemisphere and cerebellum (arrows) and intraventricular hemorrhage in 4th ventricle (arrowhead), but there is no evidence of definite tonsillar herniation or loss of intraarterial flow signal voids (asterisk). C. Diffusion weighted imaging (b value = 1000) shows increased signal intensity in cerebral sulci, possibly due to SAH (arrows), but there was no evidence of definite increased signal intensity in brain parenchyma. D, E. T2*-weighted gradient recalled echo (GRE) reveals transcerebral (arrows) and cortical vein (arrowheads) signs in both cerebral hemispheres. F. Susceptibility weighted image reveals bilateral bilateral transcerebral and cortical vein sign (BTCVS) (arrows and arrowheads). In this case, we could not discriminate SAH from BTCVS on GRE and SWI due to an increased oxygen extraction fraction and increase in deoxyhemoglobin in capillaries and veins in setting of SAH and subsequent vascular spasm or increased intracranial pressure.
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Brain Death on 3-T MRI Group II (patient 14) . 50-year-old male admitted due to injuries sustained in traffic accident.
A. T2 weighted imaging sagittal scan reveals focal intracerebral hemorrhage (ICH) in frontal lobe (arrow) and subarachnoid hemorrhage (SAH) in frontal and parietal lobe sulci (arrowhead), fracture in parietal bone and massive hematoma in scalp (asterisk). However, there is no evidence of definite tonsillar herniation. B. T2WI axial image reveals normal intravascular flow void signal in both cavernous ICAs (arrow). Minimal IVH in 4th ventricle (arrowhead). C. Diffusion weighted image (b value = 1000) shows multifocal high signal intensities in right corona radiata, right parieto-occipital lobe, and left frontoparietal lobe sulci, possibly due to shearing injury (arrows). D. Minimum-intensity projection reconstruction of TOF-MRA visualizes intracranial vasculature. E. T2*-weighted gradient recalled echo image reveals petechial hemorrhage in right periventricular white matter (arrow), minimal SAH in right parietal lobe sulci, and subdural hemorrhage in left frontoparietal convexity. There is no evidence of bilateral transcerebral and cortical vein signs (BTCVS). F. Susceptibility weighted imaging (SWI) shows bilateral transcerebral (arrows) and cortical vein (arrowheads) signs. In this case, we could not discriminate traumatic SAH and petechial hemorrhage from BTCVS on SWI. diagnosis of brain death (2, 4, 7) . Magnetic resonance imaging has no advantage over CTA or SPECT in that the patient has to be transported to the MRI suite and the accessibility of critically sick patients remains a serious problem, but there is no need for contrast media injection and it is always available (4).
The recently reported guidelines of the American Academy of Neurology show insufficient evidence for determining if newer ancillary tests (such as MRI and MRA, CTA, somatosensory evoked potentials, and bispectral index) accurately confirm the cessation of the entire brain function (7), but controversy remains in other countries worldwide.
In diagnosing brain death, a short scan time is very important due to probable serious problems in critically sick patients. As such, a high field strength scanner is more important. In this study, we evaluated each of the MRI findings separately to diagnose brain death.
In this way, TH, LIFSV, and LIAFSI on MRA are accurate findings of brain death with 100% accuracy, but LIFSV and LIAFSI on MRA are same phenomena in nature. As a result, we recommend T1 or T2WI sagittal scan and T2WI axial scan or TOF-MRA in diagnosing brain death, but further studies involving a larger number of patients are needed.
Other brain MRI and MRA findings of brain death not described here have been well documented as well (10, (18) (19) (20) (21) (22) , including absent intracranial contrast enhancement, carotid artery enhancement, prominent nasal and scalp enhancement (MR "hot nose" sign), but we did not evaluate them since we did not use intravenous contrast media.
In brain death, regardless of the cause, increased intracranial pressure decreases cerebral blood flow. This phenomenon leads to cytotoxic edema and the progression of brain swelling. Finally, compression of the entire network of intracranial arteries is observed. As such, paradoxical and irreversible brain death occurs (10) . Diffuse hyperintensities on DWI and ADC drop may be non-specific and can occur in other situations, such as bilateral carotid artery occlusion (21) . With other findings, diffuse hyperintensities on DWI and ADC drop can be a finding of brain death. This is the first series on brain death with 3T MRI to be performed, while GRE findings for brain death are not known, although the sequence is included in routine imaging protocols. There has already been one description of brain death for SWI (9) . Tong et al. (9) described an 8-year-old boy who had prominent deep medullary veins throughout the bilateral hemispheres after a traffic accident. The findings were possibly due to a combination of increased oxygen extraction, venous stasis, and/ or possible venous dilatation secondary to release of substances (such as adenosine) after cell death. However, this was only one case, and the study did not show other image protocol findings (9, 23) .
The transcerebral vein sign on GRE in acute stroke is also well known (11, 12) . The transcerebral vein sign on GRE in acute stroke is caused by an increased oxygen extraction fraction and an increase in deoxyhemoglobin in the capillaries and veins.
The cortical vein sign on GRE is defined as visualization of both cerebral hemisphere cortical veins. Similar imaging findings are encountered in acute stroke, subarachnoid hemorrhage, cortical vein thrombosis, vascular malformations such as developmental venous anomalies and arteriovenous malformations (12) (13) (14) (15) , and patients under general anesthesia.
The signal intensity on SWI is quite variable among patients and patients with different physiological conditions (24, 25) . Imaging findings can be easily changed with different post-processing parameters (26) . Our SWI parameters were optimized to reduce scan time because of the patients' conditions.
Our study had two limitations. First, we had only a small number of cases. Second, there was no confirmation of brain death by an independent method, such as conventional angiography.
Conclusions
3-tesla MRI and MRA may be useful for diagnosing brain death. However, SWI findings are not specific due to false positive findings.
